13C nuclear magnetic resonance spectroscopy was used to study the metabolism of [2-'3C]pyruvate in intact cells of Halobacterium salinarium. The spectra of these cells show that pyruvate is reduced to lactic acid and transaminated to alanine. The intensity of C-2 lactate is higher under anaerobic conditions than under aerobic conditions. When cells are grown in the absence of glucose, the level of C-2 lactate intensity is lower. In extracts of these cells, the level of NADH-dependent lactate dehydrogenase activity is lower than that of cells grown in the presence of glucose. A C-5 glutamate resonance suggests the entry of pyruvate into the tricarboxylic acid cycle through acetyl-coenzyme A. In addition, the label is also observed at C-3 and C-4 of glutamate, signifying a pyruvate carboxylase-type reaction and scrambling of label at the fumarate-succinate stage plus malic enzyme operation, respectively. Citrate synthase and malic enzyme activity appear to be controlled by the growth conditions of H. salinarium.
Extremely halophilic bacteria are chemoorganotropic organisms whose growth requires the presence of unusually high concentrations of sodium and magnesium ions. Despite their reputation as organisms with limited metabolic activity who make a living by using amino acids (16) , a number of diverse extreme halophiles metabolize carbohydrates and are reported to have several enzyme activities associated with carbohydrate utilization (7) . Metabolism of trioses in Halobactenum salinarium, in contrast, has received scant attention specifically in relation to the tricarboxylic acid cycle and other anaplerotic routes feeding into the tricarboxylic acid cycle and the efflux of carbon units from the tricarboxylic acid cycle. Two succinate dehydrogenases with different apparent Kms for succinate (10) , an a-ketoglutarate dehydrogenase (13) , glutamate dehydrogenase (5) , and pyruvate:ferredoxin oxidoreductase (21) have been reported in H. salinarium. Although the enzymes of glyoxylate and tricarboxylic acid cycles have been detected in H. salinarium (1) , the information is far from complete. One of the major reasons for this has been the lack of information about the stability of the enzymes in vitro.
13C nuclear magnetic resonance (NMR) spectroscopy, starting with enriched substrates, has been used to measure specific labelling at each site in metabolic intermediates (2, 4, 8, 9, 19, 20) . Recently, mathematical modelling of the tricarboxylic acid cycle from labelling of glutamate C-1 to C-5 and the 13C spin-spin coupling pattern observed because of enriched adjacent carbons in this amino acid has been reported (12, 18 Malic enzyme was assayed spectrophotometrically by monitoring the reduction of NADP+ at 340 nm. The reaction mixture consisted of 1.5 mM malate, 0.4 mM NADP+, 6 .0 mM MnCl2, and cell extract in a final volume of 2.0 ml in 0.1 M Tris-HCl buffer (pH 9.0) containing 4.0 M NaCl. and 71.3 ppm are assigned to C-2 of alanine and C-2 of lactate, respectively. Under anaerobic incubation (nitrogen bubbled through the cell suspension [ Fig. 2b]) , the intensity of the 71.3-ppm signal is greater than when the incubation is aerobic (oxygen bubbled through the suspension [ Fig. 2a] ). This is as expected from the lactate dehydrogenase reaction, which is much more pronounced anaerobically. Under these conditions, utilization of pyruvate through the tricarboxylic acid cycle is reduced and a relatively larger amount is available for the lactate dehydrogenase reaction. (Fig. 1) . Measurements of enzyme activity in extracts of these cells indicated that the level of pyruvate-dependent oxidation of NADH is 25% lower in these cells than that in cells grown in the presence of glucose. Spectra from cells grown in the presence of acetate (Fig. 4) and activity determinations in the corresponding extracts also gave similar results. A small amount of lactate was formed after a long period of incubation.
The activity of lactate dehydrogenase of H. salinarium is therefore increased when the growth medium is supplemented with glucose. Production of C-2 alanine from [2-13C]pyruvate is through transamination with endogenous, and therefore unlabelled, amino acids. The level of intensity of the signal is lower under aerobic conditions than under anaerobic conditions (Fig. 2) (15) . On the other hand glutamate:pyruvate transaminase may be absent in H. salinarium. This is evident from Fig. 2a in which the level of [2-13C] alanine is low despite the high level of glutamate.
In cells grown in the absence of glucose (Fig. 3) or in the presence of acetate (Fig. 4) , the signal intensity of [2-13C]alanine is increased compared with that in glucose-grown cells (Fig. 2a) [2-13C]pyruvate is a little complicated. The pathway followed and the flow of the label are shown in Fig. 6 . The pyruvate carboxylase reaction, label scrambling, and malic enzyme reaction seem to be the key factors in this route. Succinate dehydrogenase activity in H. salinarium has been reported (10) . Malic enzyme activity in the cell extract was found in our experiments. By the pathway shown in Fig. 6 , [3-13C] pyruvate is formed, which follows the pathway shown in Fig. 5 to give C-4-labelled glutamate, but we do not see the resonance of C-3 alanine and C-3 lactate from [3-3C] pyruvate. This may be because of the low concentration of [3-13C] alanine and [3-13C] lactate, which in turn is due to the malic enzyme being kinetically controlled to feed carbon skeletons effectively and unidirectionally into the tricarboxylic acid cycle (3). The appearance of 13C label at C-3 of glutamate can be explained by invoking the pyruvate carboxylase reaction. The pathway followed is C-2 pyruvate --C-2 oxaloacetate -> C-3 citrate -* C-3 isocitrate -> C-3 a-ketoglutarate -> C-3 glutamate. The scrambling of the oxaloacetate label between the 2 and 3 positions (the succinate-fumarate stage) would also result in some label at the C-2 of glutamate. However, the extent of labelling at this position is expected to be minuscule because of the diverging pathways at the malate and oxaloacetate stages (Fig. 7) . As is evident from Fig. 1 Operation of the whole tricarboxylic acid cycle will also give resonance for C-1-labelled glutamate and labelled CO2 from the second turn onwards. However, neither of these signals was observed in our experiments, even after prolonged incubation with [2-13C] pyruvate. This result indicates that, although production of glutamate through the tricarboxylic acid cycle is occurring, the labelling of the intermediates of the cycle does not proceed beyond a-ketoglutarate. However, the presence of an ao-ketoglutarate dehydrogenase and succinyl-CoA synthetase in H. salinarium has been reported (1, 13). Thus, it seems likely that the a-ketoglutarate dehydrogenase reaction is blocked, since it is known that parapyruvate-an adduct of pyruvate-competitively inhibits this reaction (14) . Furthermore, in our experiments, we found that the NMR spectra of cells with malonate in the incubation medium were similar to those of cells in media without malonate. In addition, 13C-13C couplings were not observed, suggesting that adjacent carbon positions were not enriched and that only monolabelled glutamate (C-3, C-4, and C-5) is formed. This is as expected if [2-13C] (8) . Our results with H. salinarium indicate that tricarboxylic acid cycle enzymes diffuse freely and thus lead to accumulation of glutamate labelled at C-3, C-4, and C-5, depending on whether the entry point is acetyl-CoA or oxaloacetate.
